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Non-covalent Adsorption of Amino Acid Analogues on Noble-
metal Nanoparticles: Influence of Edges and Vertices  
Z. E. Hughes
a
 and T. R. Walsh
a,* 
The operation of many nanostructured biomolecular sensors and catalysts critically hinges on the manipulation of non-
covalent adsorption of biomolecules at unfunctionalised noble-metal nanoparticles (NMNPs). Molecular-level structural 
details of the aqueous biomolecule/NMNP interface are pivotal to the successful realisation of these technologies, but 
such experimental data are currently scarce and challenging to obtain. Molecular simulations can generate these details, 
but are limited by the assumption of non-preferential adsorption to NMNP features. Here, via first principles calculations 
using a vdW-DF functional, and based on nanoscale sized NMNPs, we demonstrate that adsorption preferences to NP 
features varies with adsorbate chemistry. These results show a clear distinction between hydrocarbons, that prefer 
adsorption to facets over edges/vertices, over heteroatomic molecules that favour adsorption onto vertices over facets. 
Our data indicate the inability of widely-used force-fields like to correctly capture the adsorption of biomolecules onto 
NMNP surfaces under aqueous conditions.  Our findings introduce a rational basis for the development of new force-fields 
that will reliably capture these phenomena. 
Introduction 
Facile molecular-level manipulation of the interface between 
biomolecules and nanomaterials in aqueous media promises 
transformative advances in a wide range of applications, including 
materials synthesis,
1-3
 biosensing,
4,5
 and nano-medicine.
6-8
 
Moreover, the ability to predictably manipulate the growth 
morphology of noble metal nanoparticles (NMNPs) in aqueous 
media via additive-based strategies, especially to produce non-
spherical Au NP morphologies, is integral to exerting fine control 
over NP size and shape.
9-15
 Knowing how and where these additives 
prefer to bind at the NP interface is key to realizing these 
strategies
16
. 
NMNPs are of particular interest since they possess both 
desirable optical and plasmonic properties,
7,17,18
 and as reported 
recently, peptide-enabled catalytic properties. 
13, 15,19,20
 However, 
by definition, most bio-related NMNP applications are realised 
under aqueous conditions, where the NMNPs must be passivated 
by molecules to prevent uncontrolled NP aggregation in solution. 
Traditionally this has been accomplished using covalently-attached 
ligands (such as thiol-based ligands on Au NPs). However, non-
covalent NMNP passivation is known to be effective; for example, 
citrate is a widely-used agent for both Au NP growth and dispersion 
in aqueous media,
21
 which can be non-covalently exchanged for 
other ligands.
22
 Recent exploitation of non-covalent metal-
biomolecule interactions in this area has included the use of 
peptides as agents to realise the in-situ nucleation, growth, 
dispersion, and catalytic activation of NMNPs in aqueous solution.
9–
15
 Moreover, the direct non-covalent adsorption of nucleic acid 
aptamers onto unfunctionalised NMNPs is a key component of 
successful biomolecular sensor design (see Martin et al.
5
 for a 
recent example). 
A fundamental knowledge base, in the form of molecular-level 
structural data of these biomolecule-decorated NMNPs, is required 
to fully exploit the emergent properties from these novel and 
versatile systems. Availability of such data is currently limited. 
Circular dichroism (CD) spectroscopy can broadly indicate the 
presence of secondary-structural motifs, but such motifs are often 
absent for the size range of peptide sequences used in these 
applications.
15
 Nuclear magnetic resonance (NMR) spectroscopy 
can, in principle, provide these insights,
23
 but in practice can be 
limited in its applicability to these systems. As a consequence, much 
of the published structural data for peptide– nanoparticle interfaces 
has been generated via molecular dynamics (MD) simulations. MD 
simulations can provide the required level of structural resolution, 
but can be limited by a lack of reliability, particularly because it is 
challenging to verify the interatomic potentials (herein referred to 
as force-fields, FFs) that are used to describe the interactions at the 
biomolecule–NP interface. Many of the key points of FF verification 
must be sourced from the very same experimental structural data 
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that are so challenging to obtain in the first instance, thus impeding 
the advancement of reliable force-fields suitable for use in 
describing bio/NP interfaces. 
This limitation notwithstanding, a number of recent studies 
have reported the application of MD simulation to the investigation 
of interactions of biomolecules with aqueous noble metal 
interfaces.
13,24–34
 However, the majority of these studies modelled 
the adsorption of peptides at periodic planar interfaces as an 
approximation to the NMNP surface. Even in those instances when 
the adsorption to stepped noble metal surfaces or actual NMNP 
surfaces was investigated, the FFs employed in these studies were 
designed for use with infinite planar surfaces without the presence 
of low-coordinated metal atom sites.
11,27,35
 Moreover, while these 
studies might have been capable of capturing the influence on 
peptide adsorption of the presence of finite facets on the NP, it is 
unlikely that a FF designed to describe facet adsorption alone can 
appropriately capture and distinguish the preferences of 
biomolecular adsorption to NP features such as edges and vertices. 
Specifically, the metal atoms in such FFs all adsorb with the same 
‘in-plane’ propensities, regardless of whether each atom is situated 
at a facet, edge or vertex. Therefore, based on our earlier successful 
first-principles (FP) calculations of biomolecule adsorption onto 
noble metal planar surfaces,
36–38
 here we have used FP density 
functional theory calculations to predict the preferential adsorption 
of biomolecules on NMNP surface features. 
FP calculations have been extensively used to investigate a 
range of attributes for noble metal surfaces and NPs. Previously, FP 
calculations have been used to study the shape and structure of 
NMNPs
39–45
 as well as the covalent attachment of ligands to NMNP 
surfaces.
19,20,46–55
 The use of FP calculations to investigate the non-
covalent adsorption of molecules to NMNPs has not been as 
extensively reported.
51,56–58
 Of these few earlier studies, all used 
standard generalised-gradient approximation (GGA) density 
functionals, which are known to perform extremely poorly in such 
weakly-bound cases,
59,60
 and were based on much smaller (sub-
nanometer) NP sizes. Moreover, none of these studies focused on 
differences in adsorption depending on NP site. 
Our calculations differ from many previously-reported FP 
studies of both covalent and non-covalent adsorption on 
NMNPs
20,46–51,53–57,61-63
 in two key aspects. First, we considered 
nanometer-sized Au147 and Pt147 cuboctahedral nanoparticles in our 
FP calculations, with vertex-to-vertex dimensions of 1.72 nm and 
1.66 nm respectively, where most previous studies considered 
much smaller nanoclusters. One very recent exception to this is a 
study of covalent adsorption of mono- and diatomic species 
reported by Peng and Mavrikakis
58
 who also considered the Pt147 
NP. The size of our nanoparticles is relevant to very recent studies, 
where peptides have been used as in-situ growth and capping 
agents to disperse NMNPs in aqueous solution, producing stable 
dispersions of NPs with a diameter of ~2.5 nm.
12,15,32 
Second, we have used a vdW-DF functional, namely the revPBE-
vdW-DF 
64
 functional. The vdW-DF family of functionals 
incorporates a non-local form of the correlation functional and is 
not based on empirical post-hoc corrections. 
60
 These functionals 
significantly improve the performance of density functional theory 
in capturing the non-covalent contribution to the interaction energy 
at medium- to long-range inter-atomic separations.
65
 vdW-DF 
functionals are gaining wider use in the determination of in vacuo 
adsorption energies and structures of molecules noncovalently 
adsorbed on noble-metal surfaces in the case of infinite planar 
surfaces.
36–38,66–71
 We have previously used plane wave density 
functional theory (PW-DFT) with vdW-DF functionals to calculate 
adsorption energies of biomolecules to infinite planar Au(111),  
Au(100)(1×1) and Au(100)(5×1) surfaces.
36,37
 These calculations 
were all performed using the revPBE-vdW-DF
64
 functional; 
comparison of our calculated adsorption energies of molecules, 
mostly alkanes of varying size, to the Au(111) surface calculated via 
revPBEvdW-DF with those determined from experiment showed 
outstanding agreement.
36
 
Here, we have rigourously investigated and determined the 
non-covalent adsorption energies and minimum energy 
configurations of a variety of different small organic molecules 
containing the same functional groups present in the side-chains of 
amino acids, as well as water, to various sites (facets, edges and 
vertices) located on cuboctahedral Au147 and Pt147, using PW-DFT 
calculations with the revPBE-vdW-DF functional. Our set of 
adsorbates covers a range of amino acid physicochemical properties 
including non-polar molecules, polar molecules and aromatic 
molecules. 
Methodology 
The set of nine adsorbate molecules considered here (see Table 1) 
was chosen to span the range of the functional groups found in 
amino acids. To obtain these configurations, we fully relaxed all 
atoms in these systems using geometry optimisation, using a large 
range of initial geometries and adsorption sites, as described 
herein. A full and detailed description of the set of adsorption sites 
is provided in Figs S1 and S2 of the ESI. 
Figure 1. (a) Schematic of the NM147 cuboctahedral NP. The numbered circles 
indicate the general location of the four main sites, 1={111} facet, 2={100} facet, 
3=edge and 4=vertex. (b) Buckling of the {111} facet on the Au147 NP; blue and 
red spheres indicate the corner and facet-center atoms respectively. The dashed 
line indicates the average position of the atoms in the facet plane. Minimum 
energy configurations of water on (c) the periodic (111) surface and (d) {111} 
facet of the NP; gold atoms are colored differently to better enable identification 
of sites. 
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 To identify equilibrium adsorption geometries and subsequently 
calculate adsorption their corresponding adsorption energies on the 
NM147 NP (either Au147 or Pt147), we followed the process reported 
previously to calculate the adsorption energy of small molecules on 
infinite planar metal surfaces.
36–38
 Initially, each molecule was 
positioned close to the NP surface and the geometry was optimised 
with all atoms in both the adsorbate and the NP allowed to relax. 
We explored a wide range of adsorbate/surface configurations in 
each case. Moreover, we have previously investigated a number of 
different adsorbed configurations for the same molecules adsorbed 
at the infinite planar Au(111) and Au(100) surfaces
36
 and we used 
the minimum energy configurations that resulted from these 
calculations as the basis of some of the initial adsorption 
geometries used here. After each geometry had been optimised, 
the adsorption energy of the system was then determined from a 
single-point energy calculation. The adsorption energy, Eads, was 
calculated using 
Eads = ENP-mol – ENP – Emol     (1) 
where ENP-mol is the energy of the system with the molecule 
adsorbed to the NMNP surface, ENP is the energy of the NMNP, and 
Emol is the energy of the molecule in vacuum. 
 All PW-DFT calculations were performed with the Quantum 
Espresso code, versions 5.0.5.
72
 The revPBE-vdW-DF exchange-
correlation functional
64,73
 and ultrasoft pseudopotentials
74
 were 
used to calculate the adsorption energies. All calculations were 
performed using cutoffs for the plane-wave kinetic energy and 
electron densities of 25 and 250 Ry, respectively, and were not spin-
polarised. In selected cases, longer cutoffs were used (as indicated 
in the Results). The Gaussian smearing method, with a width of 0.05 
Ry, was used for Brillouin zone integration. The SCF calculation 
convergence threshold was set to 1 ×10
-6
 Ry for all calculations. For 
the geometry optimisations a 0.026 eV/Å force convergence 
criterion was applied; during the single point calculations the forces 
were checked to ensure the threshold was not exceeded. These 
cutoffs (and the convergence criteria) are the same as those 
previously used for the infinite planar calculations.
36,37
 
 All calculations used periodic boundary conditions applied in all 
three dimensions. For the geometry optimisations, the NP was 
placed in the centre of a 29.1×29.1×29.1 Å
3
 cell, providing a 
minimum separation distance between the NP and its periodic 
image of ~12 Å, again consistent with the infinite planar 
calculations. For the single-point energy calculations, the cell size 
was increased to 39.7×39.7×39.7 Å
3
, providing a minimum 
separation distance of ~22.5 Å, (with corresponding infinite planar 
calculations having a separation of ~25 Å). All such calculations 
were performed at the gamma point. 
 In addition to the calculations outlined above, geometry 
optimisations of the bare NPs were also performed using a variety 
of traditional functionals, namely PBE
75
, revPBE
73
 and PBEsol
76
, in 
addition to the revPBE-vdW-DF functional, to investigate the 
buckling of the NP facets (vide infra). 
 The adsorption energies for some of our adsorbates to the 
infinite planar Au(111) and Au(100) surfaces had not been reported 
previously; for these molecules/surfaces the adsorption energies 
were calculated on the infinite planar surface consistent with 
methodology outlined above and in our previous studies.
36,37
 
Results and discussion 
We start with our geometry-optimised structures of the bare NM147 
cuboctahedral Au and Pt NPs. These NPs possess both {111} and 
{100} facets, shown in Fig. 1a). The minimum energy structure of 
the bare NPs differed from the structure of the ideal truncate of the 
bulk crystal, in that the facets were not perfectly planar. We found 
that both the {111} and {100} facets of both NPs buckled such that 
they protruded slightly, Fig. 1(b), with the atoms at the facet centre 
located farthest from the plane, as defined by the positions of the 
facet corners. The calculated maximum displacement of atoms 
relative to this plane was 0.45 Å and 0.38 Å for the {111} and {100} 
facets respectively for Au147. Similar behaviour to a lesser degree 
was noted for Pt147, with maximum out-of-plane displacements of 
0.25 Å and 0.21 Å for the {111} and {100} facets respectively. 
Table 1: Adsorption energies, Eads, of adsorbates on Au147 and Pt147. The most and least 
favorable sites are highlighted in bold font and underlined, respectively.  
Adsorbate Metal        Eads [kJ mol
-1
] 
  {111} {100} Edge Vertex 
Methane Au -11.9 -13.9 -10.1 -7.7 
 Pt -12.8 -15.2 -11.0 -9.2 
Ethane Au -17.8 -20.4 -15.8 -11.0 
 Pt -18.9 -22.2 -17.1 -16.4 
Benzene Au -39.2 -48.1 -40.8 -38.7 
 Pt -48.0 -112.2 -99.6 -84.8 
Water Au -15.6 -19.0 -17.7 -20.8 
 Pt -19.8 -26.3 -28.3 -38.7 
Methanol Au -25.3 -29.5 -26.7 -30.9 
 Pt -32.1 -40.6 -41.6 -54.6 
Methanamide Au -31.3 -38.6 -35.7 -46.1 
 Pt -43.1 -59.7 -60.8 -73.7 
Methanamine Au -53.1 -64.2 -61.8 -72.7 
 Pt -86.4 -102.4 -102.3 -119.7 
Imidazole Au -55.7 -66.9 -65.4 -79.8 
 Pt -91.4 -107.8 -109.1 -132.5 
Dimethyl  Au -59.3 -71.1 -71.4 -80.9 
sulfide Pt -103.3 -124.3 -124.8 -139.3 
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 For Au147 we also investigated this effect using a range of PBE-
based, traditional density functionals; PBE,
75
 revPBE
73
 and PBEsol.
76
 
All functionals supported facet buckling with varying degrees of 
displacements (see Table S1, ESI). All of these calculations were 
performed at the gamma-point. We also calculated the inter-planar 
spacings along both the <111> and <100> directions of the Au147 NP 
(see Table S2, ESI). Our previous experience in recovering the 
experimentally-determined structures of in-plane buckling of 
Au(100)(5 × 1) surfaces using revPBEvdW-DF calculations
37
 supports 
our approach here; however, we suggest that our predicted 
buckling amplitudes most likely represent an upper bound. 
 Next, we calculated the optimised geometries and their 
corresponding non-covalent adsorption energies of nine adsorbates 
to Au147 and Pt147 at the {111}, {100}, edge and vertex sites, 
summarised in Table 1. The optimal adsorption geometries for Au147 
are provided in Figs 2-4, while the corresponding geometries for 
Pt147 were very similar, except for benzene (vide infra). Relevant 
adsorbate—surface distances are given in Table S3 of the ESI for 
both Au147 and Pt147. A detailed breakdown of the adsorption 
energies at the fourteen different NP sites for water, methane and 
benzene is provided in the ESI, Tables S4-S6, with illustration of all 
corresponding detailed sites present on the NP surface given in Figs 
S1 and S2 of the ESI. In Table 1 we highlighted the strongest and 
weakest binding site for each adsorbate. These data reveal two 
clear categories of adsorbates; the hydrocarbons, that favour 
adsorption to the NP facets, and the heteroatomic molecules 
(including water) that exhibit binding preference to NP vertices. We 
also summarise these findings graphically in Fig. 5a) for Au147 and 
Fig. S3, ESI for Pt147. 
 The aliphatic hydrocarbon adsorbates followed the same 
general ranking of binding site preferences, regardless of noble-
metal type, with {100} > {111} > edge > vertex. Optimal adsorption 
geometries for methane and benzene, at all the sites tested, are 
presented in Figs S4 and S5 of the ESI. Taken together, these 
aliphatic hydrocarbon binding preferences, along with their 
increase in binding strength with adsorbate size (in terms of binding 
surface area), are entirely consistent with van der Waals (vdW)-
dominated molecule-surface interactions. However, the adsorption 
of benzene, our exemplar aromatic hydrocarbon adsorbate, could 
not be so simply categorised across both metal NPs (see below). 
 In the case of Au147, the adsorption of benzene followed the 
same trend as the aliphatic hydrocarbons, where the {100} facet 
was the preferred binding site and the vertex site was the least  
favourable. However, this trend did not hold for Pt147. Although 
benzene adsorbed most strongly on the {100} facet of Pt147, we 
found that the least favourable binding location was the {111} facet, 
and not the vertex site. We propose that this anomalous adsorption 
trend for benzene adsorbed on Pt147 arises from two main factors. 
First, because benzene has the greatest spatial extent of all the 
adsorbates tested, we suggest that the edge-effects of the NMNPs 
are at their most apparent for benzene. In addition, the surface 
area of the {111} facet is smaller than that of the {100}; on Pt147 the 
areas are 30.2 Å
2
 and 69.2 Å
2
, respectively. This means that these 
edge effects may be more noticeable in the case of the {111} facet 
than the {100} facet. These edge effects are apparent in Fig 5b) 
Figure 3: Optimal adsorption geometries for each type of site (facet, edge and 
vertex) on Au147, for water, methanol and methanamide.  
Figure 2: Optimal adsorption geometries for each type of site (facet, edge and 
vertex) on Au147, for methane, ethane and benzene.  
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Figure 4: Optimal adsorption geometries for each type of site (facet, edge and 
vertex) on Au147, for methanamine, imidazole and dimethyl sulphide.  
where the adsorption energies of the adsorbates to the {111} and 
{100} facets of Au147 are plotted against the corresponding 
adsorption energies at the infinite planar surfaces. Of all the 
molecules tested, benzene showed the greatest discrepancy; 
furthermore the difference is greater for the {111} facet than the 
{100} facet. This finding is underscored by available experimental 
data for the adsorption of benzene on both the Au(111) and Pt(111) 
planar surfaces (see Tables S7 and S8).  
 Second, the adsorbed geometry of benzene on the {100} facet, 
and the corresponding interactions governing this adsorption, 
revealed distinct differences between the two noble metals. As 
noted for the aliphatic hydrocarbons, a vdW-dominated interaction 
is suggested for benzene adsorbed on the Au147 {111} and {100} 
facets, as indicated by isosurfaces of bonding orbitals shown in Fig. 
6a). In this image benzene is shown to adsorb in a flat orientation 
on the {100} facet, with a lack of electronic coupling suggested 
between the adsorbate and NP. For Pt147 the binding is more 
complex; while benzene also adsorbed in a planar configuration on 
the {111} facet, for the {100} facet the molecule adsorbed in a 
buckled configuration with the hydrogens pushed out of plane (Fig. 
6b)). Taken together, the adsorption of benzene to the {100} facet 
of Pt147   appears to support a greater degree of weak chemisorption 
character compared with benzene adsorbed at the {111} facet of 
Pt147.
66-68
  In Fig. 6b), isosurfaces of relevant bonding orbitals 
indicate electronic coupling between the Pt147 and benzene that 
were not present for Au147. 
 All of the heteroatomic adsorbates supported the following 
trend in adsorption strength across both NMNPs, with vertex > 
edge ≈ {100} > {111}. The optimised adsorption geometries of water 
on the detailed sites on Au147 are shown in Figs S6 and S7 of the ESI. 
Our predicted ranking in binding site preference is inconsistent with 
a vdW-driven mode of adsorption. This finding is significant because 
a vdW-driven mode of adsorption has been assumed by all current 
NMNP/biomolecule/water force-fields used to describe molecular 
simulations of non-covalent interactions between biomolecules and 
NMNPs;
 11,27,35
 our results suggest these assumption is incorrect.  
 We also checked that the ranking of adsorption site preferences 
for both heteroatomic and hydrocarbon adsorbates was robust to 
the choice of the cutoffs used in our DFT calculations. To do this, we 
re-calculated the adsorption energies of methane and water at the 
{111} and {100} facets, edges and vertices of Au147 using two sets of 
higher cutoffs; 35 (280) Ry and 50 (400) Ry for the plane wave 
kinetic energy (electron densities). These binding energy data are 
summarised in Table S9 of the ESI, and indicate that our choice of 
cutoffs is sufficient here. 
Figure 5. Comparison of adsorption energies for (a) the {111} facet against the 
edge and vertex sites of Au147, and (b) the Au147 facets against their counterpart 
infinite planar surfaces. Labels for the different molecules indicate: A-
methanamide, B-methanamine, C-imidazole and D-dimethyl sulphide, E-benzene. 
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All of the heteroatomic adsorbates considered here have 
previously been described as ‘weakly chemisorbing’ to Au(111) and 
Au(100) infinite planar surfaces,
36,37,77
 with the interaction being 
mediated chiefly via the heteroatom (e.g. N, O or S). We propose 
that this weak chemisorption drives the strong preference for the 
vertex site in these cases.
52
 Example isosurfaces of relevant bonding 
orbitals for methanamine adsorbed on both the {111} facet and the 
vertex site of Au147 are provided in Fig. S8 of the ESI, suggesting 
electronic coupling between the NP and adsorbate. The difference 
in adsorption strength between the vertex and the {111} facet is 
substantial for methanamine, imidazole and dimethyl sulphide, 
which favoured the vertex by 19.6 (33.3), 24.1 (41.1) and 21.6 (36.0) 
kJ mol
-1
, respectively, for Au147 (Pt147). It is noted that these 
differences are much greater than the corresponding adsorption 
energy differences between the infinite planar Au(111) and Au(100) 
surfaces. This finding is also significant, because our previous 
studies have shown that these small energy differences calculated 
for in-vacuo adsorption on the two surface planes actually 
translated into substantial differences in the adsorption of 
biomolecules to the (111) and (100) Au surfaces.
34,37
 
 The adsorption preferences of water are of particular interest. 
The interfacial structuring of liquid water at inorganic material 
interfaces is thought to exert substantive influence of adsorption 
behaviour of biomolecules at such surfaces. This has been reported 
not only in the cases of strongly hydrophilic interfaces such as 
titania and silica
78,79
 but also for noble metals,
28–30,34,36–38
 including 
very recent elucidation of the role of interfacial water in facet-
selective peptide adsorption at different aqueous Au planes.
34
 On 
the basis of these previous studies, we predict that the differences 
in binding-site preferences noted here will confer a highly non-
uniform spatial distribution of interfacial solvent structuring around 
the NMNP. Specifically, our findings suggest that a higher density of 
interfacial water at the NP vertices and edges, and a relatively lower 
density at the facets, is likely. As we shall show herein, this 
structuring is not recovered by current NMNP/water inter-atomic 
potentials. This potentially incorrect description of solvent 
structuring at the NMNP/water interface could provide misleading 
predictions of adsorption site preferences of biomolecules under 
aqueous conditions.  
 To underscore this hypothesis, we performed two types of test 
using a force-field that has been previously used to model 
biomolecule adsorption to faceted aqueous NMNPs,
11,27,35
  
CHARMM-METAL,
80
 to probe the interaction between our Au147 NP 
and water. In the first test, we investigated the in-vacuo adsorption 
of a single water molecule on the Au147 NP using CHARMM-METAL. 
Using this force-field, we found that the water molecule 
overwhelmingly favoured the facet adsorption site with a binding 
energy of -19.0 kJ mol
-1
. At first glance, this particular adsorption 
energy value agrees well with our vdW-DF calculations for the facet 
site. This agreement makes sense, because the CHARMM-METAL 
force-field was originally designed for use with noble metal planes. 
However, we could not locate any stable geometries corresponding 
with adsorption at the vertex site using CHARMM-METAL. Only by 
performing a series of single-point energy calculations (i.e. not 
letting any atomic positions relax), as a function of fixed distance 
between the water oxygen atom from the vertex Au atom, could we 
identify a lowest possible CHARMM-METAL binding energy of -7.6 
kJ mol
-1
 at the vertex site. We emphasise here that this is not an 
equilibrium binding energy, because the structure corresponding to 
this energy is not stable with respect to geometry optimisation. This 
CHARMM-METAL trend directly contradicts our vdW-DF results, and 
we expect this to be the case for most such heteroatomic 
adsorbates.  
In our second test, we performed molecular dynamics 
simulations of our Au147 NP in liquid water using the CHARMM-
METAL model. The averaged interfacial water density around the 
NP, shown in Fig. S9 of the ESI, revealed that water structuring 
around the NP vertices and edges was weaker compared with the 
structuring at the NP facets. This is not a criticism of CHARMM-
METAL as applied to infinite planes; our findings for Au NP solvation 
quite reasonably reflect the fact that CHARMM-METAL was 
originally designed to capture adsorption to infinite planar metal 
surfaces. However, the application of any force-field to systems for 
which it was not designed is an established caveat of molecular 
simulation in general. Therefore, we recommend that data 
generated from simulations of the interface between water, 
biomolecules and faceted NPs that have used such force-fields 
should be cautiously interpreted with this caveat in mind. 
Figure 6. Isosurfaces of representative bonding orbitals for benzene 
adsorbed on the {100} facet of (a) Au147 and (b) Pt147. The isosurfaces are 
shown for 1×10
-5
 e/Å
3
. 
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 In addition to exploring NP feature-selective adsorption, we also 
compared the differences in adsorption energies at the {111} and 
{100} Au147 facets with their counterpart energies obtained for 
infinite planar surfaces of Au(111) and Au(100).
36,38
 For all 
adsorbates these data are summarised graphically in Fig. 5b), with 
absolute values provided in Table S7 in the ESI. With four 
exceptions (out of eighteen data points), adsorption was broadly 
found to be weaker at the Au147 {111} and {100} facets relative to 
their infinite planar counterparts. These exceptions aside (see 
below), we suggest that this relative weakness of facet adsorption 
on the NP surface compared with the infinite planar surface may be 
due to the absence of delocalised metallic electronic states 
(corresponding to the metallic state of the infinite planar surface) in 
the NP. While studies have indicated that covalent bonding energies 
of adsorbates on Au NPs facets can be stronger than that 
corresponding to infinite planar surfaces, due to the discretisation 
of the orbital spacings near the HOMO level,
62
 there is no evidence 
to indicate that such factors must influence non-covalent 
adsorption energies in a similar manner.  
 All four counter-examples in this comparison were 
heteroatomic adsorbates; this set comprised imidazole adsorbed on 
Au {111}, and methanamide, methanamine and dimethyl sulphide 
adsorbed on Au {100}.  We suggest that the stronger adsorption of 
these molecules on the NP facet compared with the infinite planar 
counterpart surface could be due to the weakly-chemisorbing 
nature of these adsorbates. These four molecules exhibited the 
greatest feature-selective binding energy differences on Au147, see 
Fig. 5a). One additional factor that may also play a role is that the 
NP facet surfaces were slightly outwardly buckled rather than 
strictly planar. Because the infinite planar surfaces will represent an 
upper limit on the facet binding energies, we expect that the facet-
selective binding trends reported here will hold for larger NP sizes. 
 We explored the comparison of adsorption on the NP facet vs. 
infinite planar surface in detail for water adsorption (Table S4, ESI), 
and found adsorption to be weaker at the Au147 {111} and {100} 
facets relative to their infinite planar counterparts. However, as 
previously reported for the infinite planar surfaces, atop sites 
remained the preferred site on both types of NP facet. The 
optimised adsorbed configurations were effectively unchanged 
from those found for the infinite planar surfaces, as shown in Figs 
1(c) and (d), and Figs S6 and S7 of the ESI. The oxygen atom of the 
water molecule was located atop the Au atom with the molecule 
oriented such that the dipole was slightly tilted with respect to the 
plane of the facet. 
 Furthermore, we also sought to make comparisons with 
experimental binding energy data, where available, as summarized 
in Tables S7 and S8 of the ESI for Au and Pt respectively. As 
concluded from recent previous studies and review articles,
81-82
 
accurate experimental measurements of non-covalent adsorption 
energies for small molecules (other than diatomics such as CO and 
H2, etc) adsorbed on planar Au and Pt surfaces are remarkably 
lacking yet much needed. This challenge is particularly acute for 
polar adsorbates such as water and methanol, where adsorbate 
clustering is known to occur on these metal surfaces, even at very 
low coverages.
83-85
 The resulting interplay between adsorption 
energy and spatial distribution of these adsorbates (often lacking 
long-ranged ordering, especially in the case of Pt) leads to a 
substantial increase in the apparent surface-binding energy
.85
 Due 
to these caveats, we maintain that comparisons with available 
experimental adsorption data for water and methanol are not 
meaningful in this instance. Experimental binding energy data for 
Au nanoparticles (as opposed to small Au clusters)  is even more 
limited; in Table S7 we report binding energy data taken from 
experiments that considered Au nanoparticles on alumina or silica 
supports – and again, caveats apply to this comparison, given that 
the nature of the support may influence the adsorption energy. In 
addition, we could not find any such data for Pt nanoparticles (as 
opposed to small Pt clusters).  
Nonetheless, for methane, ethane and benzene, we find that 
our calculations on Au147 and the planar Au surface agree 
favourably with the experimental data (Table S7), given that we 
predict adsorption to be less strong on the NP facet compared with 
the corresponding planar surface. These data also reinforce our 
arguments articulated earlier regarding the fact that the size of the 
{111} facet on NMNP147 is small compared with the spatial extent of 
benzene (leading to a substantial difference between the facet and 
planar adsorption energies in this case). For the case of Pt (Table 
S8), both methane and ethane agree well with the experimental 
values, given that we expect the NP adsorption to be weaker than 
that on the corresponding planar surface. While there are no 
reliable experimental data for adsorption of water (in monomer 
form), the trend between the previously-reported binding energy 
on planar Pt(111)
82
 and our calculated binding energy on the 
Pt{111} facet is similarly consistent. Benzene is the only adsorbate 
for which data were available for both DFT (revPBE-vdW-DF) 
binding energies on Pt147 {111} facet and the planar Pt(111) surface, 
and experimental binding energies on the Pt(111) surface. In this 
case, while the previously reported DFT calculations
68,86
 of the 
planar Pt(111) binding energy are clearly weaker than those 
reported from experiment, our Pt147 {111} facet adsorption energy 
is consistently weaker with these previously-reported DFT data (see 
arguments above regarding the size of the Pt{111} facet). 
 While it is reasonable to infer from our results that the 
adsorption of biomolecules at the aqueous NMNP interface will 
show feature-selective preferences, we are cautious to extrapolate 
from our results to directly and precisely predict the spatial 
patterning of adsorption behaviour arising from biomolecules 
interacting with NMNPs in liquid water. This is due to the complex 
interplay between the degree of interfacial water structuring and 
the underlying binding enthalpy of the adsorbate. Consider, for 
example, the more favourable adsorption of molecules to the (100) 
surface than to the (111) surface of Au and Ag in vacuo.
36–38
 Naively, 
this may suggest this difference would translate into stronger 
adsorption of biomolecules at the aqueous Au/Ag (100) interface. 
On the contrary, detailed simulations instead revealed that the 
greater structuring of interfacial liquid water at the (100) interface 
confers the opposite effect,
87
 with most amino acids and peptides 
adsorbing more strongly to the aqueous Au(111) interface.
36,37
 
Nonetheless, under aqueous conditions we generally expect that 
residues with heteroatomic side-chains such as Met, His and Lys 
may still prefer adsorption to vertex sites over facets, while 
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hydrophobic residues might find the NP facets to be a more 
favourable adsorption location. 
 The inability of current bio/NP force-fields to recover the 
feature-selective preferences revealed here raises serious 
challenges for molecular simulations that are aimed at predicting 
this chemical and spatial NP surface patterning under aqueous 
conditions. Our results provide the essential foundations for 
development of a model to enable this, which, by definition, will 
need to exceed the complexity of the vdW-based force-fields 
currently available. To capture weak chemisorption effects, 
bespoke non-bonded pairwise interactions (e.g. Lennard-Jones 
interactions), as has been successfully implemented for more 
sophisticated force-fields for infinite planar Au surfaces,
36,37,77
 
should be incorporated. Moreover, these alone may not be 
sufficient to ensure vertex- and edge-selective adsorption; we 
suggest that additional use of virtual sites, as used for planar Au 
surfaces
36,37,77
 may be usefully employed around edges and vertices 
to ensure correct adsorption geometries. 
 
Conclusions 
In summary, we have used first principles calculations, applied 
to nanoscale-sized noble-metal nanoparticles, to reveal the 
variation in preferential adsorption of different adsorbate 
chemistries across all sites of the nanoparticle. Our findings 
reveal clear preferences for heteroatomic adsorbates to favour 
vertices and edges over facets, while conversely hydrocarbons 
are more strongly bound at facets than edges or vertices. 
These variations in preferred binding site cannot be recovered 
by current force-fields used to describe the aqueous 
bio/nanoparticle interface. The consequences of this predicted 
spatial and chemical variation in preferred binding site are 
explored in terms of the implications for future simulations of 
biomolecule adsorption to faceted noble metal nanoparticles 
under aqueous conditions. Our results provide the foundations 
for a genuinely feature-selective force-field for reliably 
describing the aqueous biotic/abiotic nanointerface.  
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